Abstract-A high power millimetre wave pulse sensor for 78-118 GHz frequency range has been developed. A finite difference time domain method was applied to optimise the sensor's frequency response. Two groups of sensors were manufactured and tested experimentally. A voltage standing wave ratio and dependence of the output signal on pulsed power have been measured. The sensor has been tested up to 2 kW pulse power. Dependences of sensitivity on frequency were measured and reasonable agreement between the measured and calculated values has been obtained, once the finite thickness of upper metal contacts of sensing elements and the air gap between them is taken into account.
I. INTRODUCTION
In recent years, high power microwave (HPM) pulse generation techniques progressed rapidly towards higher frequencies [1] . Thus, new requirements for sensors being used for the measurement of HPM pulses in millimetre wave region are imposed. One of the possible solutions is a resistive sensor (RS), the performance of which is based on electron heating effect in semiconductors. A sensing element of the RS is placed in the waveguide where HPM pulses propagate. Electric field of the pulse heats electrons in the sensing element, its resistance increases and by having measured this resistance change, the power of the HPM pulse in the waveguide is determined. The RS has been successfully applied for the measurement of HPM pulses in centimetre wave region [2] .
The following advantages of the RS over the diode can be named basing on the experience gained using the RS in Russian, Swedish and USA laboratories. The RS measures HPM pulses directly, is resistant to large power overloads and demonstrates very good long-term stability. It can resolve nanosecond duration HPM pulses and can produce an output signal of the order of a few tens of volts without any amplification circuit. Since a stray pickup and electromagnetic interference is typical to the environment of HPM sources, the last feature of the RS is very useful performing measurements at such conditions. Unfortunately, the most successful concept of the waveguide RS with a diaphragm [3] could not be directly downscaled to the millimetre wave range due to small dimensions of the waveguide.
A new concept of the RS that is suitable for the millimetre wave region (W-band, 78-118 GHz, waveguide window 2.4 × 1.2 mm 2 ) was proposed in our previous publication [4] . A three-dimensional finite difference time domain (FDTD) calculations have been performed to determine electrophysical parameters of the sensor providing nearly constant sensitivity of the RS in the waveguide's frequency range. In this contribution, a practical realization of the ideas proposed in [4] is presented. Two groups of the RS made form different specific resistance n-Si were manufactured and tested. A voltage standing wave ratio (VSWR), insertion loss and frequency response of the manufactured RS were measured. Output signal dependences on pulse power have also been measured using DC pulse supply for the RS feeding.
II. RESISTIVE SENSOR

A. The Concept
A draft of the proposed sensor is shown in Fig. 1a . Two separate samples with ohmic contacts are mounted in a close proximity to each other. Their upper contacts are shorted with a metal foil. The lower contact of one of the sensor is grounded while the other one is isolated. It is used for the RS feeding and the output signal measurement. To measure pulse power the RS is connected into a DC circuit with a current source. Thus, sensing elements are connected in series in respect to the DC current but in parallel in respect to the millimetre wave electric field. The structure is placed in the centre of the wide wall of the waveguide as shown in Fig. 1b . Characteristic dimensions of sensing elements, their specific resistance ρ and the size of the waveguide window are the parameters those can be varied to get the optimal frequency response of the RS.
B. Sensitivity
Considering the sensitivity of the RS in the linear region where the output signal is proportional to the pulse power P Fig. 1 The layout of the resistive sensor for millimetre wave band: a) cross-sectional view of sensing elements mounted on a metal plug, b) 3D view of the simulated waveguide segment with sensing elements a) b)
propagating in the waveguide it is convenient to define it in the following way
where ∆R/R is a relative resistance change of sensing elements. In the linear region, the strength of an average electric field in sensing elements is sufficiently small. Therefore, the resistance change of the RS can be expanded in a power series of the average electric field in the sensing element and only first non-vanishing term can be taken into account yielding
where 〈E m 〉 is an average electric field amplitude in the sensing elements and β * (f ) is frequency dependent so-called an effective warm electron coefficient defining a deviation of the current-voltage characteristic from Ohm's law.
Taking into account the dependence of the warm electron coefficient on frequency [2] , one can get the following expression describing the dependence of the sensitivity of the RS in a linear region on frequency
. (3) Here β is the warm electron coefficient in the DC electric field, a and b are dimensions of the waveguide window, µ 0 and ε 0 are the vacuum permeability and permittivity, f c is the cut-off frequency, τ ε is a phenomenological energy relaxation time (τ ε = 2.9×10 -12 s for n-Si at room temperature [2] ), and E 0 is the amplitude of the electric field in the centre of the empty waveguide.
Except 〈E m 〉/E 0 , a few multipliers can be found in expression (3) those influence the dependence of the sensitivity of the RS on frequency. Let us consider them in more details.
First, the square root appearing in the denominator of (3) indicates the fact that even at the same power level transmitted through the waveguide, the electric field strength in it changes because of waveguide dispersion. In a waveguide's frequency band the ratio f c / f changes from 0.8 to 0.5. Using these values, one can easily get that due to waveguide dispersion the sensitivity of the RS in a waveguide frequency range monotonously decreases 1.44 times.
Second, as it was already mentioned, the effective warm electron coefficient is frequency dependent and it is specified by the multiplier in square brackets appearing in (3). In the considered frequency range (78-118 GHz) the sensitivity of the RS is reduced by a factor 1.22 due to β * (f ). Taking into account both multipliers, the decrease of the sensitivity by a factor of 1.76 should be observed in the considered frequency range. As one can see from (3) the only way to compensate this decrease of the sensitivity is the increase of 〈E m 〉 with frequency.
We found the dimensions and specific resistance of sensing elements providing the increase of 〈E m 〉 that compensates the electric field decrease in the waveguide because of waveguide dispersion and the decrease of the electron heating effect with frequency. The calculations of the average electric field in the sensing elements using FDTD method performed in [4] have revealed that variation of frequency response by ±6% within waveguides frequency band could be obtained for the sensor with the following dimensions and specific resistance: h = 0.1 mm, d = 0.15 mm, l = 0.6 mm, and ρ = 2 Ω⋅cm.
C. Manufactured sensors
The main difficulty that we met with in manufacturing the sensing elements was dividing 0.1 mm thickness n-type Si wafer into individual dies. To overcome it, we introduced the scribing and breaking of a semiconductor wafer into individual dies technology. As a starting material [100] oriented double side polished 0.1 mm thick n-type Si wafers were used. Ohmic contacts on both sides of the wafer have been formed using impurity (P) diffusion and metal evaporation (Al-V-Cu). Making use of a double side photolithography 30 µm width metal free paths have been formed on both surfaces of the plate in the 〈100〉 type crystallographic direction. Then the wafer was scribed and broken into dies. After a visual inspection, roughly 70% of samples were found suitable for the further processing. The surface mounted device technology of component soldering was applied to fix sensing elements on polished metal disks those in turn has been mounted into waveguide holders. Thus, finally the RS was manufactured as a section of W-band waveguide with sensing elements inside.
Two groups of sensing elements with optimal dimensions were made from different specific resistance n-Si wafers, namely: the first group ρ = 1 Ω⋅cm, the second -2 Ω⋅cm with a nominal resistance 11 Ω and 22 Ω, respectively. For final tests, three sensors from each group have been chosen.
III. MEASUREMENT RESULTS AND DISCUSSION
To measure VSWR and insertion loss of the RS a waveguide type scalar network analyzer R2403E was used. It was obtained that the reflection from the RS is independent of the specific resistance of sensing elements and VSWR less than 1.25 within frequency range was found. Measured insertion loss of the RS practically is independent of frequency. It is about 0.8 dB for both groups of the RS.
For the measurement of the output signal dependence on a pulse power, we employed a cold cathode magnetron designed and manufactured in the Institute of Radio Astronomy, Kharkov, Ukraine. The magnetron runs at a frequency 94 GHz and produces up to 3 kW output pulse power. Pulse duration was 300 ns and a minimal repetition rate -100 Hz. The sensor under test is connected to the main waveguide. The average power sensor Agilent W8486A connected to the main port via directional coupler controls pulse power in it.
A pulsed current source is used for the RS feeding. It produces roughly 120 µs DC current pulse. After 100 µs when the current pulse starts the magnetron is triggered. The amplitude of the current is adjusted so as to get 10 V DC voltage drop on the sensing elements. Therefore, a significant increase of the output signal from the RS is obtained without any amplification circuit. Measured output signal dependences of the RS on the pulse power are presented in Fig. 2 . From these results, the relative resistance change of the RS was determined
where U 0 is the DC voltage drop on the sensing elements and R a is the input resistance of the oscilloscope. It is well established [2] that ∆R/R dependence on the pulse power in a wide range of P can be approximated as the second order polynomial in the following way
where coefficients A and B are determined by fitting measured dependence of ∆R/R(P) with (5). Taking into account (4) such procedure can be performed on the U s (P) as well. The result is shown in Fig. 2 . Thus, from the fitting procedure the sensitivity of the sensor in the linear region is also determined. The values of coefficients A and B, the resistance of the RS and its sensitivity are collected in Table I .
It is seen, that the average sensitivity of the RS of the second group is almost 3 times larger than that of the first one.
From Fig. 2b it is seen that the spread of the output signal in the high power limit is larger for the sensors of the second group, but as follows from Table I their resistance is also more scattered.
From the experimental data using expression (4), the dependence of the relative resistance change on the pulse power was determined. These results are shown in Fig. 3 . It is seen that the largest relative resistance change of the RS at a maximum pulse power (~2 kW) is about 20% for the first group and roughly 50% for the second. Having in mind that at a lower frequency the RS was successfully employed up to a twofold increase of the resistance [2] , it might be expected that the present RS could register even larger pulses of the millimetre waves.
For the measurement of the RS sensitivity in a waveguides frequency range, we employed a tunable low power millimetre wave generator G4403 producing roughly 70 mW average power at the output. To increase the measurement accuracy the meander modulated millimetre wave and the measurement of the output signal on a fundamental frequency of the meander has been used. A DC current source was attached to the RS producing 1 V voltage drop on it. The output signal was measured with the help of a lock-in amplifier. The sensitivity of the RS for this case can be expressed in the following way
where U m is the amplitude of the output signal measured by the lock-in amplifier.
Measurement results of the dependence of the sensitivity on frequency are shown in Fig. 4 . Open symbols demonstrate results measured using low power tunable generator, solid symbols show results obtained using two-term approximation on the output signal dependence on P. It is seen that better coincidence between the results measured using different Fig. 3 Dependences of the relative resistance change on pulse power for sensors of different groups. Points denote experimental results, solid lines -two term approximation techniques is obtained for the second group of the RS. It might be attributed to the larger sensitivity and hence to the better measurement accuracy for this group of the RS.
The largest sensitivity variation within waveguide frequency range is roughly ±15% and ±8% for the first and the second groups. It is very good result since the charts of calibration for commercial W band low average power sensors demonstrate the sensitivity variation of the order of ±15%.
We also performed calculations of the sensitivity of the RS using the FDTD method [4] . The air gap between the sensing elements t and the finite thickens of the metal foil d m shorting their upper contacts were taken into account in the calculations. The following values of the warm electron coefficient in the DC electric field were used: β = 7.1×10 Fig. 4 by lines. When the air gap and the finite thickness of the upper contact are not taken into account (curve 1) the calculated sensitivity is roughly two times less than the measured for both groups. The air gap and the increase of the thickness of the metal contact impose the growth of the average electric field in the sensing elements. This leads to the growth of the sensitivity and to the better coincidence between measured and calculated sensitivity values. IV. CONCLUSIONS The RS for the measurement of high power pulses in millimetre wave range has been designed, manufactured and tested. Manufactured sensors measured up to 2 kW pulse power at a frequency 94 GHz. Using the DC pulse supply the output signal of the order of a few volts has been registered at a maximum pulse power. Sufficiently flat frequency response is characteristic of the RS. Reasonable agreement between the measured and calculated values of the sensitivity has been obtained when the finite thickness of upper metal contacts and an air gap between sensing elements was taken into account. Performed investigations demonstrate that the manufactured sensors can be effectively used for the measurement of high power millimetre wave pulses. Fig. 4 Dependences of the sensitivity on frequency: a) ρ=1 Ω⋅cm, b) ρ=2 Ω⋅cm. Open points denote experimental results measured using meander modulated wave, solid points correspond to the measurement with magnetron generator. The lines demonstrate calculation results for different t and dm: curve 1 (t = dm = 0), 2 (t = 0.1 mm, dm = 0), 3 (t = 0.1 mm, dm = 25 µm), 4 (t = 0.1 mm, dm = 50 µm), and 5 (t = 0.1 mm, dm = 75 µm). Here dm is a thickness of metal foil and t is an air gap between sensing elements ( Fig. 1 
